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The pathogenesis of vitamin A-induced prémature growth-
plate closure was investigated in calves. A progressive in-
crease in the severity of growth-plate lesions with time and a
progressive increase in the extent of growth-plate involve-
ment was observed. There was initial loss of metachromasia
from the growth plate in a region that formed a narrow
horizontal band of cartilage composed of the epiphyseal
growth zone and a strip of reserve-zone cartilage. Immuno-
staining revealed there was loss of aggrecan, decorin, and
biglycan from this region; however, it was doubtful that the
regional loss of proteoglycan was a major confributing facter
in the pathogenesis of premature growth-plate closure. This
is because this region was the vestige of cartilage that re-
mained when growth-plate closure was almest complete. The
major alteration was premature mineralization of columnar
cartilage and subsequent endochondral ossification. This
caused the depth of the columnar zone to be reduced. Co-
lumnar-zone cartilage cells appeared inunature wihere the
matrix became mineralized and lacked the morphology of
hypertrophic chondrocytes. The depth of the reserve-carti-
lage zone also was reduced as matrix mineralization of the
columnar zone progressed, and further reductivn in colum-
mar cartitage depth occurred. Eventually, there was matrix
mineralization within the adjacent reserve cartilage. The
distribution of reaction product after immunostaining with
autibudies (o the following proteins was described during
normal endochondral ossification: aggrecan, decorin, bigly-
can, versican, type I collagen propeptide, type I collagen, type
I collagen, osteopontin, osteocalein, osteonectin, bene sialo-
protein, and alkaline phosphatase. Biglycan, type I collagen
propeptide, type I collagen, osteopontin, osteocalcin, os-
teonectin, bone sialoprotein, and alkaline phesphatase were
localized within the cytoplasm or surrounding matrix of
hyperirophic chondrocytes. In vitamin-treated calves, these
same proteins were found in regions undergoing premature
matrix mineralization even though the chondrocytes did not
have a hypertrophic morphology. Therefore, vitamin treat-
ment did not cause just a selective expression, but it caused
expression of a large number of matrix proteins normally
associated with the hypertrephic chondrocyte phenotype.
Finally, completely mineralized columnar and reserve carti-
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Introduction

Hyena disease is an uncommon spontaneous disease of young
dairy cattle that causes dwarfism in which the caudal body
structures are relatively underdeveloped. Conformational fea-
tures rhat cause cattle to have a hyena-like appearance occur
because there is premature closure of the growth plate. We
reported cases of hyena disease at a Florida dairy farm where
animals were given injections of vitamins A and D.2® Experi-
mental studies demonstrated that vitamins A and D injected into
newborn calves, and subsequent oral administration of vitamin
A, caused focal growth-plate closure that began within | week **
The microscopic changes within the growth plate demonstrared
localized joss of cartilage metachromasia in a portion of the
reserve cartilage. Longitudinal bone growth was inhibited in the
affected bone, and there was premature endochondral ossifica-
tion of the columnar cartilage. Various effects of vitamin A or
retinoic acid have been demonstrated in tissue culture, which
include degradation and loss of proteaglycan from cactilage'®
and alteration in chondrocyte gene expression for matrix pro-
teins.***** The purpose of the current study was to define the
cellular and matrix altcrations that occur during premature
growth-plute closure in calves and to determine whether the
observed cartilage alterations were similar to those induced by
retinoic acid in vitro.

Materials and Methods
Animals

Day-oid bull calves that had received colostrum and had a
plasma protein greater than 5.5, as measured by a refractometer,
were purchased and housed outdoors in single portable wire-pen
enclosures.

Animals were fed a miltk substitute twice daily and were
given a calf supplement ad libitum., Apimals were weighed at
birtli and weekly thereafier. Four conirol and six vitamin-ireated
animals made up the experimental group. One treated and one
control animal were killed at the end of weeks 1 and 2, and (wo
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treated and one control animal were killed at the end of weeks 3
and 5.

Vit Dreatiments

The mitk svbstitute provided the National Research Council™s
recommended daity allowance for dairy cattle ol 13 U vitamin
Afkg per day. lreated ammals were given an inframuscubar
injection of vitamins A and D on the first day after birth (4 mbL
ol vitamin AD injectable, Vet Products Co.. Lenexa, KS:
S00.000 U of vitamin A and 75.000 [U of vitamin D./per
wullilgerd, In addion, treated calves were admiuistered 30,000
I of vitamin A per kKilogram of body weight in a water
dispersible torm (ICN Pharmaceuticals. Inc.. Cleveland, OH)
added to the milk substitute daily. The amount of vitamin added
te the milk substitute was adjusted weekly according to body
weight.

Necropsy

At necropsy, the long bones were exarmned in all animals. The
right proximal tibiae were sectioned longttudinally. perpendicu-
lur to the median plane, and a (0.3 cm central slab was abtained.
The central portion of the growth plate wus separated Irom most
of the surrounding cancellous bone with a sharp blade.

Tivstes

Bone lissues were lixed in 4% bulfered paraformaldehyde {pH
7.23 for 24 hand placed in 70% ethanol. Growth-plate specimens
ITom arimals at each time period were decalcified in 10% neutral
buffered ethylenediaminetetraacetic acid and embedded in par-
atfin. Other tissues were embedded undecalcified in methyl-
methacrylate containing dibutyiphthalate. Tissue sections of un-
decaletfied bone were cut using a Reichert-Jung Polycut S
microtome (Leica. Deerfield, [L.) and a tungsten-carbide D pro-
file knife. All sections were placed on silanized slides. and
incubated in a 55°C oven overnight.™

Histachenistry

Undecalcified, methylmethacrylute-embedded  tissue  sections
were stained by von Kossa's method to localice mineral or
wluidine blue to detect metachromasia,! Tissues for immuno-
stuintng were deparaffinized and rehydrated. All slides were
enzymatically pretreated to enhance immunoreactivity. Tor this
purpose shides were incnbated with chondroitinase ABC (from

followed by incubation with proteinase K (from Tritirachium
albrn, BC 3.4.21,64, Sigma) for 30 min at 37°C before immu-
nostaining. Sections were washed with phosphate-buffered saline
(PBS) three times and incubated for 20 min in blocking buffer
FLS0 pll normal goal serum per 10 mlL of phosphate-buffered
sidine (PBS)|. The test sections were incubated with the follow-
ing dilution of primary antibody in | % buffer: aggrecan. 1:500:
decortn, 1:300; biglycan, 1:1000: versican, 500, type T colla-
gen, TO00; type T collagen propepride, [:1000; type 11 collagen,
11000, osteopontin, 1:300: osteocalcin, 111000 osteonectin,
1:2000: bone sialoprotein, 1:000: and alkatine phosphatase.
1:000. Controls consisted of substitution of the primary anubody
with normal rabbit serum. All shdes were tncubated for | h at
room wemperature or | h at 37-C. Shides were washed and
incubated with a 12200 dilution of the appropriate biotinylated
secondary antibody (hictimylated goat antrabbit 1gG) for 30 nan
al room enperature. Antigen-untibody complexes were visual-
ized when secondary antibody was coupled with avidin-biotn
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complexes vsing a4 commercial kit (Vector, Burlingame. CA). A
dianunobenzidine-metal mixture was used as chromogen (Pierce,
Rockford. 1L).

Antibodies

Antibodies used in this study have been described else-
where ' =170 They inchude: agerecan (Poole): bovine decorin,
LF-94.-95: bovine biglycan. LF-96. -97: human versican. LEF-99;
boving ostconectin, BON-I; bovine bone sialoprotein: bovine
osteopontin, LF-124: bovine osteocalein (Biomedical Technolo-
ares, Ine., Stoughtom, MAY, bovine type [ collagen (Chemicon
International. Inc., Temecula, CAY, bovine type W collagen
(Chemicon): human procollagen | (Biogenesis, Sandown, NH);
and bovine alkuline phosphatase. LF-52.%%

Depth of Growth-Plate Curtiluge Zones

The morphology of the proximal tibial growth plate of the calfl
can be divided into distinet ¢ones. Two regions contribute to
tongitudinal bune growth in opposite directions. On the epiphy-
seal side. @ small number of hypertrophic cartilage cells subja-
cent 1o the secondary ossification center contribute to longitudi-
nal bone growth in a manner similar to hypertrophic cartilage
cells on the metaphyseal side of the growth plate. This region is
sometimes termed the articular-epiphyseal complex cartilage
(A-E complex).*? The growth region on the metaphyseal side is
composed of cartilage cells arranged in rows and columns {zone
of columnar cartilage). The columnar cartidage traditonally has
been divided into 4 cone of preliferauve cartifage, a 2one of
maturing and hyperteophic cartilage. a zone of calcified cartilage,
and @ zone of cartilage removal as the primary spongiosa is
formed. The reserve cell zone is between the two growth zones.

The depth of various cartilage zones was measured optically
on toluidine-blue-stained slides of growth plate using a digitizing
analyving system. The system consisted ot a light mscroscope. a
digitizing pad. and a microcomputer. The software program for
measuring the depth of growth-plate cartilage zones (Scope®}
was developed at the University of Flonda (Computer Science
Division, College of Medicine). [r the | week control calf, the
depth of the following cartilage zones were measured: total
growth plate, epiphyseal growth zone (A-E complex). reserve
cell zone. reserve cell zone plus the epiphyseal growth zone (total
reserve zone), and the columnar cartilage zone. [n the |-week
treated animal, measurements were made in three different loca-
tions: (1) where the growth plate had a nearly normal depth: (2]
where the depth was moderately decreased: and (3) where the
srowth plate was extremcly thin. The total depth of the growth
plate was measured as the distance between the chondro-osseous
junctions on the epiphyseal and metaphyseal sides of the growth
plate. A region. teemed the rotal reserve cartilage 7one. was
measured as the distance between the epiphyseal chondro-osse-
ous junction and the margin of the reserve cartilage zone adjacent
1o where the cartitage cefls began forming columns. This region
included the depth of the small number of hypertrophic cartilage
cells on the epiphyscal side of the reserve cartilage zone. The
depth of columnar cartilage was the distance between the margin
of the reserve cartilage sone and the metaphyseal chondro-
Os5eOUS junction.

Results

By 5 wecks of treatment. all treated animals had growth-pluare
lesions and showed gross evidence of premature growth-plate
closure. There were microscopic lesions as early as 1 week. The
light-microscopic findings in vitamin A-induced growth-plate
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closure were presented previously.™ In brief, privt te complerte
closure of the growth plate, there was loss of metachromasia in
a portion of the reserve cartilage zone. The growth plate became
extremely thin, There was premature endochondral ossification
in which chondracytes undergoing mineralization did not appear as
hypertrophic chondrocytes, More details are given where applicable.

Because there was a progressive alteration in the severity of
lesions and a progression in the extent of growth-plate involve-
ment with time, findings are presented at weekly intervals.
Because the localization of antibodies for matrix proteins used in
this study have not been completely described for the bovine
growth plate. a complete description is given for the week |
control animal and, subsequently, differences between the treated
and contrel animals are described.

Week : Conrrof

Histology showed normal growth plate appearance, and von
Kossa stains demenstrated a uniform front where Ly pertrophic
chondrocytes were undergoing mineralization and where cado-
chondral ossification was taking ptace (Figure 1A). The depths
of various cartituge zones are shown in Table 1. The columnar
cartilage zone was moderately thicker than the reserve cartilage
zone (ratio ().7 in the typical region; Tahle |).

femohistochemistry. Staining of growth-plate tissues us-
ing normal eabhit serum in place of the puimay witibody denn-
onstrated only slight background staining. There was slightly
increased staining of calcified cartilage matrix and the cartilage
spicules of the primary spongiosa. Positive staining by antisera is
reported only when the results were substantially stronger than
the background levels.

Aggrecan. Heavy immunostaining of the chondrocyte cyto-
plasm, chondrocyte capsule, and territorial and iotertertitorial
cartilage matrix was noted in all growth-plate zones (Figure 2A}
There was heavy staining of calcitied cartilage spicules in the
primary spongiosa and in the cartilage cores of rubeculac. There
was staining of vytoplasm of various bone and marrow cells.

Decorin. The most intense staining occurred in the reserve
zone with dense staining of reserve-zonc chondrocyte cytoplasin
and moderate accumulation within the intertersinmial ratiix of
this region (Figure 3A). Stain intensity of the matrix was
decreased in the proliferative and maturing zone of the columnar
cartilage. and cytoplasmic staining increased moderately within
the hypertrophic cartilage cone. The chondrocyte capsule of
hypertrophic cells was heavily stained. Osteoblasts and oste-
oclasts were stained. Bone surfaces were heavily stained. and
stained tibrillar processes extended into the bone

Bighvean. Chondrocyte eytoplasm of reserve zone chondro-
cytes stained intensely, but growth plate matrix was only mini-
mally staincd. The amount of matrix staining increased in the
segivn ol hypernophic chomdrocytes and in cartilage spicules at
the chondre-osscous junction {Figure dA). Osteoblasts were
moderately stained. and osteoid surfaces beneath osteoblasts had
a thin line of moederately stained mawrix. Cytoplasm of marrow
cells und endothelial cells were stained. and there was staining of
vascular muscle cells in a perinucless location.

Versican. Overall staining was light. Slight staining was
evident in Cytoplasiy and wiitorial matrix of cells ol the reserve
cartilage. Localization was not evident in cotumnar cartilage
cells, but territorial matrx stining was present. The staining
intensity increased tn the hypertrophic zone where there was
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Figure 1. {A) Growth-plate/metaphyseal junction from a conwrol calf.
Note the size of the typertrophic chondrocytes in the mincralized
cirtifage zone, Mineralized arcas appear black. von Kossa tetreachrome
stain; bar = 130 pm. (B) Growth-plate/metaphysesl junction from o
vitamin A-treated call. There are fewer columnar chondrocytes, and the
termimal chondrocytes a1 the metaphyseal junction are smaller than
normal. von Kossa terrachrome stain: bar - 130 pm
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Figure 2. (A) Growth-plate subepiphyseal vartilage from w control calf
stained tor show Jdistribution of aggrecan. Note dense pericellular matris
staining of subepiphyseal hypertrophic chondrocytes and matrix of the
reserve cartilage zone. Bar = B0 pm. (B) Growth-plate subepiphyseal
cartilage from vitamin A-treated calt’ stined to show distribution of
aggrecan. Note loss ol aggrecan localization around subepiphyseal hy-
pestrophic chondrocyies ane from the proximal matrix of the reserve
cartilage zone. Bar = 80 pm

staining of interterritorial matrix (Figure 5A). Osteoid and bone
were poorly stained.

Tvpe I ocolfagen. Osteoblasts were lightly stained. Osteoid
covering catlitage spicules within the primary spongiosa were
stained, and bone was uniformly stained. Chondroid cores within
trabeculae and most of the growth-plate cartilage were unstained.
There was slight <raining aronnd rhe hypertrophic chondrocytes

{Figure 6A).

Table 1. CGrowth-plate depths (| weck calves)y
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Figure 3. (A} Roserve cartilage rone from o control calf stained to show
dustribution of decoria. Staining 15 seen in chondrocyte eytoplusm and
interterritorial matix. Bar = 80 wm. (Br Reserve cartilage zone from a
vitamin A-treated calt stained o show distibuoon of decona. Stain
intensity is diminished focally. Bar - 80 pm.

Tvpe [ collagen propeptide. Cytoplasm of the epiphyseal
hypertrophic chondrocytes and cytoplusi of chondrocytes of the
reserve cartilage zone stuined heavly. Cells of the columnar
cartilage cells were poorly stained. but increased staining was
noted in chondeocyte cytoptasm as cells becane hypertrophic,
T'he interterritorial matrix of the columnar cartilage was moder-
ately stained. and the stamn intensity diminished and was limired
to the chondrocyte capsute and cvtoplasm in the hypertrophic
cartiluge zone (Figure 7Aj. Osteohlasts and newly formed os-

Treated!

Wide Sedivm NUFTE

Conirol
Growth-plate depth (am) 1029 = 115 Y+ 172 649 1 69 As T
A-E complex depth” {pum) 90 =20
Reserve-cone depth () 366+ 103
Towl teserve cone depth’ (i 456 0 99 650 104 o= 80 18} + 55
Columnar sone depth (um) RER I ] M e 248 1 A8 171 = 83
Raio! 0.8 2 17 ol

egsurerients masle along lesion sites where wrowth plate varied in thickness.

“Depth of hypertrophic cartilage cells on the epiphyseal <ide of the srowth plate. This region could nothe clearly

distinguished in the situmin A-treated calf

“Reserve zone deprh plus the A-E complex sone depth.

“Ratio of depth of ol reserve zone 1o columnar cartilage zone.
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Figure 4. (A3 Growih-plate/metaphyseal junction from a control calf
statned to show the distnbution of biglycan. Reaction product is present
within chondrocytes and matrix of the hypertrophic chondrocyte zone
and within osteoblasts and on osteoid surfuces liniag trabeculae of the
primary spengiosa. Bar = 80 pm. (B) Growth-plate/metaphyseal junc-
tion from a vitamin A-treated calf shows the distribution of biglycan w
b similar w that of the control animat (A).

teoid were heavily stained. but the bone ttself was unstained.
There was heavy staining of marrow elements.

Type IT collagen. There was generalized staining of growth-
plate cartilage with heavy focal staining of chondrocyte capsuie
and territorial matrix within the reserve and columnar cartilage
sones. Staining of interterritorial matrix was less strong. There
was intense stmnng of cartdage wathin esseous trabeculae, but
the bone was unstained (Figure 8A).

teopontin. The cytoplasm of hypertrophic chondrocytes
and the surrounding matrix was stained us was cartilage within
the trabeculae of the primary spongiosa. At the growth-plate/
metaphyseal junction in the zone of cartilage removal. there was
heavy staiming of the reversal line that formed on trabecular
surfaces of the primary spongiosa. Osteoblasts were heavily
stained. but bone was only lightly stained (Figure 9A) In mature
trabeculac, cement lines were prominently stained as were o8-
reocyre canalicull. Froded trabecular surfuces were more deeply
stained than inactive trabecular surfaces. I'ormation surtaces
showed staining of osteoid surfaces in a fibrillar pattern.

Ovicacalein. The growth-plate matrix was unstained, but
there was heas v statiing of hyperwephic cartilage celt cytoptasnt
in both the epiphyseal and metaphyscal growih regions. Osteo-
blasts were heavily staned. and ostecid and bone were moder-
ately stained (Figure 10A}. Bone reversal lines, eroded bone
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Figure 3. (A) Growth-plate/metaphyseal junction from a control calf
stained t show the distribution of versican. There is a slight werease in
the matrix staining intensity around hypertrophic chondrocytes. Bar = 80
pit. (B) Growth-plate/metaphyseal punction from a vieimm A-treated
calf demonstrates focally increased interemitorial matrix staining around
sutie eolumnnar cartilage cells. Bar = 80 pm.

surfuces, and osteocvie canalicult were disninctly delineated.
Murrow compoencnts were strongly stained.

Osteonecrin. Intense cytoplasmic staining of hypentrophic
chondrocytes of epiphyseal and metaphyseal growth zones was
found. Also, there was heavy staining of territorial matrix of
hypertrophic chondrocytes (Figure 11A). The chondro-osseous
intertace of trabeculae within the primary spongiosa was heavily
statned. Ostcoblasts and other marrow cells were slightly staned.
Bone of trabeculae was slightly stained. and there was distinct
stuiring of bone canaliculi, croded surfaces. and reversal lines.

Baone sintoprotein. Cytoplasm of the cartiliege cells within the
reserve zone were stuned. There was stight staining of hyper-
trophic cartitage cell eytoplasm and focal staining of chondrocyte
capsules (Figure 124). A portion of the territorial matrix along
the jengitudinal alignment of columnar cartilage cells was
heavily stained. Osteoblasts and osteoclasts were heavily stained.
and osteoid was lightly stwined. There was heavy staiming along
the osteoid-cartilage interfuce along the primary spongiosa. The
hone atsell was poorly stned. but reversal hnes. osteocyte
canaliculi, and eroded trabecutar surfaces were heavily stained.

Afkadine  phosphatase. Most of the chondrocytes i the
growih plate did not sunn. ‘Fhere was heavy cxioplasmic staiing
of hvpertrophic chondroeytes at the epiphyseal and metaphyseal
chondro-osscous interfuces. There was intense staning of the
capsule of hypertrophic chondrocytes at the metaphyseal border
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Figure 6. (A Growth-platc/mctaphyscal junction from a control calt
stained to show distribution of type { collagen. Reaction product can be
seen localized o the bone on the surface of cartilage trabeculae of the
pricnary spongiosd. Osieoblasts are lighty stained. Bar = 80 o0 (B
Growlh-plate/metaphyseal junction fror a vitamin A-treated calt stained
to show distribution of tvpe I collagen. In the region where the growth
plate has become focally thin. reaction product is seen focally in the
matrix surrounding chondrocyles within the columnar cartiluge. Bar =
80 pm.

and within the territorial matrix that ran along a longitudinal
divection (Figure 13A) Perichondral granular deposits were
seen. Bone was unstained. but ostcoblasts were heavily stained.
A double line of positive staining was secn where eroded bone
surfaces were adjacent to an osteoclast border (Figure 13B).

Week 10 Treared

Histology showed that the growth plate varted in depth along s
width. Some regions were refatively thick, but there were locul
arcas where the thickness was moderately reduced or where the
plate was very thin. The depths of variows cartilage zones within
these vegions we shown in Table 1. As the growth plate became
thinner. the thickness of both the reserve and columnar cartiluge
comes was reduced. When the growth plate was very thino the
ratio of the thickness of the columnar cartilage zone to the total
reserve cone was about cqual to that tound i the contrel animal.
As the thickness of the columnar cartilage zone became reduced.
the catilage cells maitained an appearance sinola o teturcing
chondrocytes of the control growth plate. Enlarged cells with
typical hypertrophie chondrocyte morphofogy usually were not
seen. Mineralization of the columnar cartilage occurred wlong the
interterritortal matrix that ran in o longiwdial direction adjacem
to the nonhypertrephic cartilage cells of the columnar cartilage.
[n focal arcas, the mincralizanion extended for & greater depth
than normal along the cartifuge cell column (Figure 1B), The

Figure 7. (A) Growth-plue/meeaphy<eal junction from a control calf
stained 10 show distribution of type T coltagen propepiide. Cytoplasmic
staining and inereased capsalar staining is present in the hypertrophic
caritfage zone. Osteoblasts are tieavily stained. and osteoid. bl not bone.
is moderaely stained. Bar — 80 pm. (B) Growth-phue/melaphyscal
junction from A vitamin A-treated calf demaonsirges the distribution ot
type | collagen propeptide. The columnar cartiluge cells have spotty
accumulation of cvtoplasmic staining, and osteoblastz are neavily
stained. Bar = 80 um

mineralized cartiluge spicules of the primary spongiosa wers
shorter and thinner than those of the control ammal. As noted
previously M there was toss of metachromatic staining within a
narrow  subepiphyseal band that constituted the epiphyscal
growth zone and an adjacent portion of the reserve cartilage
zone.

Impwiohistochemisiry. Staining for aggrecan demonstrated
focal loss within reserve cartilage matrix along the epiphyseal
border (Figure 2B). There was some retention of capsular aggre-
can staining around chondrocytes. Loss of aggrecan staining
occurred in the same region where loss of metachromasia was
observed with toluidine-blue staiming. Focal loss of another
smaller protcoglycan, decorin. from this region was also apparent
(Figurc 3B). In zones where the growth plate was thin. there wus
reduction in the intensity of stainng tor decorin within the
interterritorial matrix of the columnar cartilage zone. The stan-
ing {or a third proteoglycan. higlycan. in the reserve cartilage
was light; however. the intensity of staining of the interterritorial
matrix of the columnar cartilage sone was increased and similar
to that observed in control anmmals (Figure 4B) There was
focally increased ferritorial matnx staining ot the second large
proleoglycan. versivan. in the columnar cartilage cell zone (Fig-
ure 581 Type 1 collagen antibody that recognizes the helical
domain of the processed collagen trimers demonstrated increased
stining of the territorial marrix within columnar cartilage that
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Figure 8. (A) Growth-plate/meraphyseal junction from a control catt
stained to show the distribution of tvpe II collagen. The chondrocyte
capstle within the cone hypertrophic chondrocytes is stained, Bar = 80
rm. (B) Growh-ptate/metaphyseal junction from o vimnin A-treated
calf demonstrates localization of type H collagen similar ro that seen in
control ealf (Figure 8AL There 1s slight mereased swining intensity of
cartilage cores within the zone ol curtilage removal. Bac = 80 pn

extended deeper into the columnar zone and sometimes sur-
rounded the columnar cartilage arcades (Figure 6B). We also
used an antiserum that binds to the propepiide of type | collagen
to ittustrate the cells synthesizing the collagen matrix. The
columnar cartilage cells had spotty accumuliation of cyloplasmic
staining of the propeptide (Figure 7B). The distribution of stain
for 1ype [l collagen in the columnar cartilage zone was similar to
that of coatral animals except the intensity of staining of carti-
lage remaining in trabeculae i the zone of cartttage removal was
more intense (Figure 8B). Al the growth-plate/metaphyseal bor-
der in the zone of cartilage remeval, rcaction product with
osteopontin heavily stained the reversal line berween cartilage
and the osicoid deposited on trabecutar surfaces of the primary
spongiosa. The interterritorial matrix of the maturing cartilage
cells was nore deeply stained at the cartilage-metaphyscal inter-
tace. but there were multifocal patches where less differentiated
columnar chondrocytes had heavy staining of the pericellular
matrix at the lateral apical borders (Frgure 98). Osteocalein was
seen within tytoplasm of reserve cone cells. and there was
increased variable staiming within rows of columnar chondio-
cytes {Figure HIB). Osteonectin was heavily deposited in the
periceltular matrix at the lateral apices of maturing chondrocyles
andd appeared as accumulations of matrix granules throughout the
columnar cartifage zone (Frgure 1181, Deposition of osteonectin
within the cartilage spicules of the primary spongiosa also
appeared granular. Antibodies to bone sialoprotein were local-
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Figure 9. (A) Growth-plate/metaphyscal junction from a controb calf
demonstrates localization of osteoponrtin. Staining 15 seen within the
cytoptasm and matrix surrounding  hypertrophic chondrocytes. Note
staining of osteoblasts and heavy staining of reversal line at the cartilage
bone interface within the primary spongiosa. Bar = 80 wm. (B) Growth-
plate/metaphyseal junction from a vitamin A-treated calf dermaonstrates
localization of osteopontin. There is a focus where staining intensity is
increused in a longitudinal region of pericellular matrix adjacent to
undifferenniated columnar cariluge chondrocytes, Bar = 30 pm.

ized within chondrocyte cvtoplasm of nonhypertrophie chondro-
cytes of the columnar zone (Figure 12B). Reaction product
showed increased deposition in chondrocyte capsules, and ap-
peared in a granular fushion in the interterritorial matrix. Alka-
line phosphatase had a granufar deposition at the poles of nuclei
throughout the colurmar cartilage zone. Deposition of alkaline
phosphatase within the interterricorial matrix was present as a
granular pattern (Figure 138)

Week 2: Conrral

No substantial differences were noted between the 1 and 2 week
control animalsx,

Week 20 Treated

The erowth plawe along a broad region had multiple foct where
the growih plate was extremely thin or almost absent. As noted
previously in the | week animal, there was a fack of metachro-
masia in a linear portion of the reserve zone that ran parallel and
actjucent Lo the epiphyseal growth zone. The matrix in this region
had increased basophiliz. and there appeared o be increased
clustering of chondrocytes. The columnar cartilage on the me-
taphvseal side of the reserve zone was extremely thin. It some-
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Figure 10. ta) Growth plate/inetaphyseul junction from a control calf
demenstrates Jocalization of osieocalein, The growth plate matrix is
unstained. but there is staining of hypertrophee cartilage ceil cytoplasm.
Bar = 80 pm. (B} Growth-plae/metaphyseal junction from a vitamin
A-treated calt. Bore within the pnmary spongiosa is stalned, and there is
increased moderate stuning of chondrocyte capsules within colunuar
chondrocytes, Bar = 80 pm.

times consisted of only a few vells tn longitudinal parallel rows,
or it was completety absent. In some regions, there was almost
complete conversion of reserve cartilage into columnar cantilage.
Mincralization of growth-plate cartilage extended along the in-
terterritorial matrix in a longitudinal direction between rows of
chondrocytes of the columnar cone. There were also regions
where the reserve cartitige zone was undergoing mincrahization.
Tire spicules uf mincratized caniloge that now formed the primary
spongiosa appeared rudimentary with mulftiple interconnections.

Imiolistochemistry, There was decreased staining  for
three of the proteoglyeans taggrecun, decorin, and biglycan) in
cartilage where loss of metachromasia was demonstrated. [n
seneral. the localizations of matrix proteins were similar 1o that
described i the l-week calf. und only differences are noted.
Type [eollagen immunohistochemastry showed increased capsu
lar staining and mterterritorial matrix staining in the region of the
reserve cartilage where aggrecan was diminished. There also was
increased focal capsutar and intertertitoriatl matrix stuining of
colunmar cantilage. Chondrocyte eyvtoplasm  throughout  the
erowth plate was stained by antibody o type [ collagen propep-
tice. There was increased capsular and interterritorial matrix
staining in the region of agerecan depletion. Other regions of the
reserve Zone only had cyvwoplasiic staining. The jowieitonial
matrix of the colurmmar zone was also stained for type [ eoilagen
propeptide. Where the growth plate was very thin, there was
more diffuse staining for osteopontin within the pericettular

Figure 11. (A1 CGrowth-plate/metaphyseal junction from a control call
stained 1o show distribution of oseonectin, Heavy deposits of reaction
product are localized along the surface of cartilage wabeculae of the
primary spongiosi. Reaction product is also evident in the cytoplasm of
nypertrophic choddrocyvies and i e eriwnial matia Tining the dong-
tadinal sepae. The interterritorial matrix of the longitudinal septae
stained slightly. Bar = 80 pum. (By Growth plate/metaphyseal junction
from a vitamin A-treated calf stained to show distribution of osteonectin,
A focaily rthin reginn of earitage shows reaction product with normal
distribution along canilage trabecular surfaces of the primary spongiosi.
Heavy deposits are localized in the erriterial mateix of the nonhypertro-
phic chondrocytes of columnar cartilage and can be scen in the reserve
carlilage zone. Bar = S0 pum.

matrix of chondrocytes within the reserve zone. Along the
epiphyseal chondro-osscous junction. clusters of chondrocytes

had very dense staintng of the territorial matrix for osteocalcin,

and there were very dense granular deposits 1 the interterritorial
matrix of the reserve vone. There was large focal, granular
deposition of osteoncetin in chondrocyte capsubes and interstitial
matrix within the reserve zone. Bone staloprotein stained the
capsule and territorial matrix of cartiluge adjacent to the epiph-
ysedl border. In addition. regions ol the rescive cariilage had
granular deposits i the capsule or interterritorial matrix sur-
rounding most of the cells, Also. antibodies to alkaline phospha-
tase were fovcalized in the cartilage cells of the columnar zone
with heavy staining of the interterritorial matrix.

Week 30 Control

Histologic and immunohistochemical lindings were similar o
those previously described.
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Figure 12, (A) Growth-plate/metaphyscal junction {rom a control calf

staned o show distribution of hone seatoproten. Keactuon product can be
seen localized o cartilage trabeculae with heavy deposits on the surface
of the primary spongiosa. In addition. there is localization within carti-
fage cells and matrix of longitudinal septae adjacent to hypertrophic
chondroestes. Bar — 20 g {B) Growth plate/metaphyeal junction
from a vitamin A-treated calf stained to show distribution of bone
siatoprotein, There are granular deposits in chondroeyies and surround-
iny, matrix thronghout the growth plate. Bar = 80 pn.

Week 3: Treated

A distiact growth plate had disappearcd over a broad region. The
arga veeupriedd by the former growth plate was castly recognized,
and the histology differed only slightly between the two animals.
In one animal, there was a wide, thin band of rescrve zone
cartilage that extended horizontatly across the metaphysis. The
matrix of this residual cartilage did nou swin metachiromaticatly
with toluidine blue except within a few foci. There were rather
extensive areas that were deeply basophilic, The residual carni-
lage wius bordered on the epiphyseal side by remaining hyper-
trophic chondrocytes and osseous trabeculae of the epiphysis. On
the metaphyseal sude, there was spongiosa composed of short
spicules of cartilage covered by bone. Within the residual carti-
lage. there were focal sites of growth-plate cartilage reconstrue-
tlon where 1t appeared that osteoclastie disselution ol cartilage
matrix was followed by bone formation. A stmilar morphology
was seen in the second animal, cxcept the restdual cartiluge was
separated rom the spongiosa by a sone of osleogenesis com-
posed ol woven hone trabeculae covered with osteoblasts, The
trebeculac were arranged in a parallel fashion and oriented in a
longitudinal direction. Residual cartilage was mineralized as
demonstrated with von Kossa's stain

hupuoiohes tochiermastey, There was spotty staining ot the re-
sidual cartilage Tor aggrecan. decorin, and biglvean, Versican
wis seen in the itertervitorial matrix within this area. There was

Figure 13. (A) Growth-plate/metaphyseat junction from a control calf
stamned 10 show distribution of alkaline phosphatase. Matrix staineng 1s
present in the sone of hypertrophic chondrocytes. Bar = 80 wm. (B}
Growth-plate/metaphyseal junction from a vitamin A-treated calt. Terri-
torial matrix staining at the chendro-osseous interface is increased. Note
normual positive staining of osteoblasts and double line of positive <taning
at eroded bone suiface adjacent o osteoclast (arrow). Bar = 80 pm.

heavy. patchy localization of type | collagen within the territorial
and interterritorial matrix of the residual cartifage. Cytoplasm of
the residual cartilage cells stained for type | collagen propeptide.
and some staining was seen in the interterritorial mairix. Type 1]
collagen was sparsely distributed within the residual careilage.
but was apparent within the cartilage spicules of the spongiosa.
Osteocalein, osteonectin, bone sialoprotein. and alkatine phos-
phatase showed prominent. patchy staining within the residual
carilage. It should be noted that, within areas ot cartilage
undergoing reconstruction. dense surface localization of os-
teopontin, osteocalcin, osteonectin, bone sialoprotein. und alka-
tine phospharase was identified beneath some. but not all oste-
nclasts - The hrush border of the osteoclasts had  dense
locahization of reaction product in some instances,

Discussion

Since the demonstration that intravenous injections of pupain
ciased dissolution of rabbit car (:urtilugc:.R enzymatic digestion
has been considered o major cause of cartilage degradation
[nitially. dire release of proteclytic engyme from lysosomal par-
ticles was considered responsible for degradation of protein-
polvsaccharide complexes within the matrix. Also. liberation of
Iysosomal hydrolyiic enzymes was thought to canse the celtular
changes in cantilage culiiviated in the presence ol vivann A
Although a previcus stady'! of hypervitaminosis A in calves did
not show growth-plate closure, the findings in this sdy were
similar to changes reported in a number of ddferent mam-
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mals.”2%%3 The cause of premature growth-plate closure was
thought to be associated with vitamin A-induced loss of cartilage
matrix.!%'¢ Until recently, researchers continued to suggest that
degradation of extracellular matrix seen with vitamin A toxicity
was due to surface-active and membranolytic effects of retinol on
lysosomal membranes, which resulled in release of lysosomal
hydrolases.

Recently, studies on the action of vitamin A in cell cultures
indicate a new proteinase, commonly referred to as “aggre-
canase,” which cleaves the Glu373-Ala374 bond of the inter-
globular domain of aggrecan.?+253% Although this single site of
cleavage predominates, the responsible enzyme has not been
identified.'®?! Time course digestion of aggrecan showed that
the preferred site of neatrophii collagenase was at the predomi-
nant metalloproteinase site before cleavage occurred at the
“agpecanase” site. Therefore, the possibility remains that “ag-
grecanse” may be a metalloproteinase in cartilage."”

The in vivo distribution of aggrecan loss from the growth
plate in the present study is in contrast to tissue culture studies in
which retinoic acid caused aggrecan proteolysis with the release
of greater than 90% of the cell-layer aggrecan.®® Vitamin A-in-
duced loss of aggrecan in calves was limited to a lincar region
along the epiphyseal side of the reserve cartilage zone and
focally around epiphyseal vessels and columnar cells at the
chondro-osseous junction. It is likely that this distribution of
aggrecan proteolysis resulted because of limited vascularization
of the growth plate and mineralization of cartilage at the me-
taphyseal junction. When retinoic acid-induced catabolism of
aggrecan was studied in bovine growth-plate explants, hypertro-
phic cells were the most responsive and resting cells responded
least 35 Ii is also possible that so-called “aggrecanase™ causes
hydrolysis of other cartilage proteoglycans as well. Although
growth-plate concentrations of decorin and biglycan are much
less than aggrecan, immunostaining for both of these smaller
proteoglycans was reduced in the region where aggrecan was
lost. It is doubtful that the regional loss of proteoglycan from the
growth plate was a major factor in the pathogenesis of premature
growth-plate closure, because this region was the vestige of
cartilage that remained when growth-plate closure was almost
complete.

The predominant alteration that occurred within the growth
plate was premature mineralization of columnar chondrocyte and
subsequent cndochondral ossification. This effect was induced in
calves by increasing the oral dose of vitamin A Thus, the
effects of vitamin A in calves were not unexpected because they
are similar to the in vitro effects of retinoic acid in which rapid
mincralization and expression of mincralization-rclated genes
were induced.'"-222% This process was best visualized at 1 week
when inhibition of longitudinal bone growth and thinning of the
growth plate occurred.** Bone elongation on the metaphyseal
side of the growth plate is dependent on mitotic division within
the proliferative zone and cellular enlargement and interstitial
deposition of cartilage matrix. Neither of these processes was
sufficient to maintain normal growth-plate depth. This was be-
cause columnar chondrocytes failed o auain typical hyperuo-
phic-chondrocyte morphology, terminal columnar cartilage cells
were closely packed and lacked significant amounts of interven-
ing territorial matrix, and the number of cells within the colum-
nar-cartilage zone decreased (Figure 1A, B). Rerinoic acid is
reported to cause proliferation of chondrocytes in murine dorsal
longitudinal ligament,!! This may represent a species difference
or the effect of age or anatomical location; hypervitaminosis is
known to cause vertebral hyperostesis in adult humans and
felincs. .

Comparison of the depth of various growth-plate zones be-
tween thin regions from 1 week treated and normal growth plate
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from the control animal (Table 1), revealed the following: Ini-
tially, reduction in growth-plate depth occurred because of cell
loss from the columnar cartilage zone (treated wide vs. control;
Table 1). But as the growth plate became thinner (ireated,
medium and narrow vs. control), there was a decrease in the
depth of both the columnar and reserve cell zones. Finally, when
the growth plate became very thin, it was apparent that the depth
of the columnar cartilage zone was being maintained at the
expense of the depth of the reserve cartilage. In the very narrow
growth-plate regions (narrow, treated vs. control), the total depth
of the growth plate was not as thick as the reserve cell zone from
the control. Yet, the narrow region maintained an egual ratio of
columnar cartilage depth to reserve cartilage depth. With respect
1o bovine growth-plate closure in hypervitaminosis A, a portion
of the reserve zone lives up to its name and furnishes cells that
form columns. It is interesting to note that tissue culture studies
have identified thyroxine as a factor that regulates morphogen-
esis of columnar cartilage,® and thyroid hormone and retinoic
acid have been shown to induce gene expression through a
common response element.”

Premature mineralization of columnar cartilage and subse-
quent endochondral ossification occurred despite the fact that
columnar chondrocytes usually did not obtain a hypertrophic
morphology. Nevertheless, immunostaining revealed localization
of matrix proteins, normally considered markers for hypertrophic
chondrocytes, in the cytoplasm and/or territorial mairix of im-
mature-appearing chondrocytes. Because there was positive
staining of matrix for biglycan and decorin in the zone of
hypertrophic cartilage, the localization of these small glycopro-
teins in the calf growth plates was slightly different from that
previously reported in the human fetus.” The expression of
alkaline phosphatase, osteocalcin, osteonectin, and bone sialo-
protein genes by hypertrophic chondrocytes has been noted
previously, and each of these proteins is thought to play a role in
cartilage matrix mineralization.®3%3238 [t js apparent that a
hypertrophic morphology is not requisite for chondrocytes to
synthesize matrix proteins characteristic of a mature cell pheno-
type and to undergo matrix mineralization. After mineralization
of the columnar-cartilage interterritorial matrix that surrounded
the arcades, mineralization occurred within the reserve zone.
Here, again, the chondrocytes in the mineralizing region did not
have a typical hypertrophic cell morphology, although some
appeared moderately enlarged. There was immunostaining for
proteins normally associated with cartilage matrix mineraliza-
tion. Type I collagen has also been observed in the extracellular
matrix of hypertrophic cartilage,®® but it was suggested that
synthesis only occurred in cells arising from vasculature or from
cells presumed to be osteoblasts or their precursors.™® It seems
unlikely that the capsular and interterritorial matrix immunolo-
calization of type I collagen within the reserve zone could have
ariscn from ostcoprogenitor cells or vascular elements.

The discovery that nuclear retinoic acid receptors (RARs) act
as inducible enhancer factors provides a basis for understanding
how retinoic acid signals could be transduced at the level of gene
EXJH ession.”? During the later stages of cmbryoenic development,
mRART transcripts become specific to the cartilage cell lineage
and to differentiating skin.'? Vitamin A metabolites could initiate
growth-plate closure by upregulation of the RART gene. This
receplor could regulate gene transcription from cither a retinoic
acid-responsive element or a retinoid X-responsive element
within the promoter of specific genes, to cause premature
growth-plate mincralization. Although a retinoic acid response
element has been identified fur usteocatvio,”® there was no sclecc-
tive expression of this matrix protein in the nonhypertrophic
chondrocytes of the columnar zone, Rather, increased staining of
nonhypertrophic chondrocytes occurred for most proteins nor-
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mally associated with hypertrophic cartilage. These results could
indicate that vitamin A-induced expression of chondrocyte pro-
teins occurs by activation of other pathways. Protooncogene
expression represents a potential pathway,??4! but the osteocal-
cin gene promoter stimulated by vitamin A was inhibited by the
cell proliferation [actors jun-fos.? A novel pathway, independent
of nuclear-receptor-mediated transactivation, has been identified
as the possible mechanism for transeriptional regulation during
retinoic acid-induced cell differentiation.?*?5
Transdifferentiation of hypertrophic chondrocytes into bone
forming cells has been described in explants of hypertrophic
chondrocytes.?® The transdifferentiated cells within the lacunae
had characteristics of osteoblasts, such as alkaline phosphatase
activity and positive immunocytochemical staining for osteocal-
cin, osteonectin, osteopontin, and type I collagen. During
growth-plate closure in calves, a similar process was observed in
the residual reserve cartilage and adjacent hypertrophic cartilage
that did not become columnar cartilage. Here, the reserve carti-
lage developed specific phenotypic markers that were found in
mauix and chondrocyles where calcification and subsequent
vascularization occurred. The cartilage cells were not considered

to be transformed into osteoblasts, although the residual cartilage .

lacked metachromasia and had patchy basophilic zones with
oluidine-blue staining as well as the aforementioned matrix
characteristics for transdifferentiated cartilage. Immunostaining
showed that the tissue was not typical of bone. The matrix still
contained type II collagen, bone matrix proteins lacked the
uniform staining of bone, and cells within the lacunac did not
have the canalicular network of osteocytes. This region was
eventually removed by a modeting/remoedeling mechanism sim-
ilar to that occurring within the metaphysis.
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